Galanin is a neuropeptide with a wide range of effects in the nervous and endocrine systems, mediated through three G protein-coupled receptor subtypes (GalR1-3). Interestingly, galanin and its receptors are also expressed in certain tumors. Here we studied the effects of galanin in rat pheochromocytoma (PC12) cells stably transfected with GFP-tagged GalR2. Galanin at 100 nM inhibited cell proliferation in both nontransfected and transfected cells. Conversly, both galanin and the GalR2(R3)-agonist AR-M1896 induced caspase-dependent apoptotic cell death only in GalR2-transfected cells. Western-blot analyses of downstream mediators of the G q/11-type G protein showed down-regulation of pAkt and pBad in galanin-exposed transfected cells. Also, the specific PI3 kinase inhibitor LY-294002 increased the level of pBad and decreased activation of caspases. In addition, p21 cip1 levels were up-regulated in galanin-exposed PC12 cells and down-regulated in galanin-exposed GalR2-transfected cells. In agreement, FACS analyses of galanin exposed cells showed occurrence of cell cycle arrest in PC12 cells and cell death in transfected cells. Finally, as shown with real-time PCR, galanin and its receptors were expressed at very high levels in human pheochromocytoma tissues as compared with normal adrenal medulla. These findings point to GalR2 as a possible target for therapeuthic interventions in pheochromocytoma.
G
alanin is a 29-aa neuropeptide with a widespread distribution in the nervous system (1) involved in nociception (2-4), metabolism and reproduction (5, 6) , survival and regeneration (7), Alzheimer's disease (8) , and epilepsy (9) .
Recent findings suggest an involvement of galanin and its receptors in regulation of cell proliferation and survival of several types of tumors, including pheochromocytomas (10) . Also, other peptides can influence tumor proliferation, and their levels have been correlated with tumor stage and prognosis (11) . Both neuroendocrine (12) and nonendocrine tumors, such as meningiomas, gliomas, and several peripheral cancers (13) , synthesize a variety of neuropeptides and express peptide receptors. The presence of peptides and their receptors in human cancers offers the possibility to develop diagnostic tools and therapeutic strategies based on the molecular targeting.
Galanin mediates its effects via at least three seventransmembrane, G protein-coupled receptors (GPCRs), namely GalR1, -R2, and -R3 (14) (15) (16) (17) , which have a broad distribution as revealed with RT-PCR (18) and in situ hybridization (19) . GalR1 is mainly expressed in central nervous system (CNS), whereas GalR3 is restricted to a number of brain regions and some peripheral tissues and is present at low levels. Both GalR1 and -R3 act through G i/o receptor subtype, inhibiting adenyl cyclase, and causing hyperpolarization via opening K ϩ channels (14) (15) (16) (17) . GalR2 has a broader distribution and is present in the CNS, dorsal root ganglia, and many peripheral tissues (18, 19) . Activation of GalR2 leads to accumulation of inositol phosphate, mobilization of intracellular Ca 2ϩ , and activation of a Ca 2ϩ -dependent Cl Ϫ channel via G q/11 -type G proteins. In addition, GalR2 may inhibit cAMP accumulation, through G i/o -type receptor and stimulate mitogen-activated protein kinase mediated via G o (14) (15) (16) (17) .
Interestingly, recent findings have shown that the GalR2 mediates apoptosis in SH-SY5Y neuroblastoma cells (20) and initiates multiple signaling pathways in small cell lung cancer cells (21) . In light of these data pointing to a critical role of GalR2 in tumor cell proliferation and survival, we have investigated the potential effects of galanin on rat pheochromocytoma PC12 and GFP-tagged GalR2-transfected PC12 cells. Pheochromocytomas are catecholamine-producing tumors originating from neural crest and arising from the adrenal medulla (22, 23) . Up to a third of patients may have no symptoms, hence either being discovered incidentally or found postmortally at autopsy (22, (24) (25) (26) . To check the possible relevance of our experimental findings on PC12 cells for human pathology, we also quantified galanin and its three receptors in human pheochromocytoma tumor and postmortem adrenal medulla tissues by real-time PCR.
Results

Effects of Galanin.
Exposure to 100 nM galanin alone significantly inhibited cell proliferation in both nontransfected and transfected cells as observed with trypan blue staining (Fig. 1A) . To evaluate nuclear morphology, control and galanin-exposed cells were fixed and stained with Hoechst dye 33358. Galanin-exposed GalR2-transfected cells showed a significant increase in apoptotic nuclei, whereas PC12 cells showed a modest but not significant increase ( Fig. 1 B and D-G) . Moreover, exposure of cells to 100 nM AR-M1896, a GalR2 agonist, significantly increased the number of apoptotic nuclei only in GalR2-transfected cells, further supporting the hypothesis that galanin induces apoptosis mainly through GalR2 (Fig. 1B) . We used real-time PCR to measure the expression levels of galanin and its receptors in transfected versus nontransfected cells. The expression levels of R1 (CT ϭ 28.3), R2 (CT ϭ 26.5), and R3 (CT ϭ 28.3) in PC12 cells were used as controls. In GalR2-transfeced PC12 cells, the expression levels of R1 (CT ϭ 28.5), and R3 (CT ϭ 28.3), were not significantly different from the nontransfected cells; however, there was a 40-fold increase in the expression of GalR2 (CT ϭ 20.1) in the transfected cells (Fig. 1C) . No galanin expression could be detected in either cell type (data not shown). In agreement with a previous study, the fusion protein was detected on the surface of the cell membrane in control GalR2 cells (Fig. 1F ) and internalized after galanin exposure (27) , even in cells exhibiting apoptotic condensed nuclei (Fig. 1G) .
Activation of Caspases in GalR2-Mediated Cell Death. Caspases are a family of cysteine-proteases, which upon activation will cleave cellular protein targets, leading to the biochemical and morphological alterations typical of apoptosis (28) . We measured the caspase 3-like activity in extracts obtained from control and galanin-exposed PC12 and GalR2-transfected cells. Exposure to 100 nM galanin for 8-48 h induced a significant increase in DEVDase activity, compared with control only in GalR2-transfected cells, with the strongest activation after exposure for 24 h (Fig. 2A) . Also, exposure to 100 nM AR-M1896 for 24 h caused increased DEVDase activity only in the transfected cells (Fig. 2C) . The induction of caspase activity in GalR2-transfected cells by galanin was dose-dependent (Fig. 2B) . Preincubation of cells with the pan-caspase inhibitor z-VAD-fmk (20 M) 30 min prior exposure to 100 nM galanin for 48 h, significantly reduced the number of apoptotic nuclei in GalR2-transfected cells (Fig.  2D ). In addition, after exposure to 100 nM galanin for 24 h, only transfected cells showed loss of mitochondrial membrane potential and release of cytchrome c (cyt c) into the cystosol (data not shown). Mitochondrial membrane potential is a key indicator of cellular viability, and the release of cyt c from intermembrane space plays an essential role in the formation of the apoptosome complex with subsequent activation of the caspase cascade executing apoptosis (29, 30) . Thus, these results point to the activation of caspases by galanin as a critical step in the process of apoptotic cell death occurring in GalR2-transfected cells.
GalR2 Mediates its Actions Through the PI3-Kinase/AKT Pathway.
Activation of GalR2 leads to mobilization of intracellular Ca 2ϩ , via G q/11 -type G proteins (31) (32) (33) (34) . It has been shown that the GalR2 is capable of activating the phosphatidylinositol (PtdIns) signaling pathway (31) (32) (33) (34) . Galanin causes a concentrationdependent increase in intracellular Ca 2ϩ levels in GalR2 cells but not in nontransfected cells (27) . PtdIns 3-kinase (PI3K) mediates a variety of biological responses, including inhibition of apoptosis and stimulation of cellular growth. Using immunoblotting, we measured the levels of phosphorylated Akt/PKB, a known downstream target of PI3K, in protein extracts from cells exposed to 100 nM galanin for 24 h. There was a significant increase in pAkt in exposed PC12 cells, whereas this phosphorylated protein was hardly detectable in exposed transfected cells (Fig. 3A) . The pro-and antiapoptotic Bcl-2 family proteins are key regulators of apoptosis (35) . Inhibition of Akt/PKB leads to decreased phosphorylation of the proapoptotic protein Bad, which subsequently promotes apoptosis by antagonizing antiapoptotic Bcl-X l proteins (36) . Therefore, we measured the protein levels of pBad in GalR2-transfected cells and, in accord with the very low pAkt expression, pBad was scarcely detected Values are means Ϯ SEM of three determinations. ** , P Յ 0.01; *** , P Յ 0.001; **** , P Յ 0.0001. ( Fig. 3B) . Additionally, preincubation of cells with 25 M LY-294002, a specific PI3-kinase inhibitor, 30 min before exposure to 100 nM galanin for 24 h, significantly increased pBad levels ( Fig. 3B ) and significantly decreased caspase 3-like activity (Fig. 3C ) in GalR2-transfected cells. Thus, GalR2-mediated apoptotic cell death is probably PI3K-dependent.
Galanin Induces Apoptosis in GalR2-Transfected Cells and Cell Cycle
Arrest in PC12 Cells. p21 cip1 was originally found to act as a cyclin-dependent kinase (CDK) inhibitor. Interestingly, immunoblot experiments in galanin-exposed cells showed a significant increase of p21 cip1 levels in PC12 cells, whereas there was a significant decrease in GalR2 cells (Fig. 4A) . Furthermore, using FACS analysis, we assessed the distribution of cells in different phases of the cell cycle. PC12 cells exposed to 100 nM galanin for 24 h (white background), displayed a bigger population in G 1 phase and to some extent also in G 2 /M phase than the control (gray background) (Fig. 4B) . However, there was no difference between control and exposed cells in the sub-G 1 phase (Fig. 4C) . On the other hand, 100 nM galanin-exposure for 24 h (white background) did not cause any differences in the populations found in the G 1 or G 2 /M phases as compared with the control (gray background) (Fig. 4C) . Notably, there was a bigger population of cells in the sub-G 1 phase in the exposed GalR2-transfected cells than in the control (Fig. 4E) . These results imply that galanin plays different roles depending on the expression of its receptors; inducing cell cycle arrest in PC12 cells and cell death in GalR2-transfected cells.
The Expression of Galanin, GalR1, and GalR2 Is Increased in Human Pheochromocytoma Tissues. Using real-time PCR, we quantified the expression of galanin and its three receptors in 13 pheochromocytoma tumor tissues from patients and in control human samples obtained from a tissue bank (UK Human Tissue Bank). The average expression levels of R1 (CT ϭ 33.9), R2 (CT ϭ 35), and galanin (CT ϭ 30.3) in medulla samples were used as controls. The expression of galanin (P Ͻ 0.0001), R1 (P Ͻ 0.0001) and R2 (P Ͻ 0.01) was significantly higher in the tumor samples with the exception of two patients (6 and 13) that had GalR2 levels equal to controls. GalR3 was not detectable in either tumor or control samples (Fig. 5) .
Discussion
In the present study, galanin induced a decrease in proliferation in both PC12 and GalR2-transfected cells. However, we detected a significant induction of apoptosis with characteristic morphological changes and caspase activation only in GalR2-transfected cells after exposure to galanin or to the GalR2 agonist AR-M1896. Recently, it has been described that AR-M1896 has affinity, albeit much lower, also for rat GalR3 (16, 37) . Consid- Galanin inhibits pAkt and pBad in GalR2-transfected cells. Western blot analysis from total protein extracts showed increased levels of pAkt after 24 h of exposure to GAL in PC12 cells, but decreased levels in GalR2-transfected cells (A). Exposure for 24 h also resulted in decreased levels of pBad in transfected cells, whereas preincubation with the PI3-kinase inhibitor LY-294002 prior for 30 min before GAL exposure retrieved the pBad levels (B), as well as protected the GalR2-transfected cells against caspase activation (C).
Values are means Ϯ SEM of three determinations. ** , P Յ 0.01; *** , P Յ 0.001.
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Fig. 4.
Galanin induces cell cycle arrest in PC12 cells and apoptosis in GalR2-transfected cells. Western blot analysis from total protein extracts showed increased levels of p21 cip1 after 24 h of exposure to GAL in PC12 cells, but decreased levels in GalR2-transfected cells (A). FACS analysis showing cell cycle related changes in PC12 (B and C) and GalR2-transfected cells (D and E) (controls are shown in gray and exposed cells in white background). Exposure for 24 h to GAL increased the number in G1 in PC12 cells (B), but no differences were detected in the sub-G 1 phase (C). There were no detectable changes between control and exposed GalR2-transfected cells in G 1 (D), whereas there was increased cell population in the sub-G 1 phase in exposed cells (E). . There was a significant increase of galanin, GalR1, and GalR2 expression levels in the tumor samples, except for patients 6 and 13, who had GalR2 levels equal to the controls.
ering that we did not observe any difference in GalR3 transcript levels between the transfected and nontransfected cells, the galanin-induced effects are presumably mediated via GalR2. Our results are in agreement with the findings by Kofler and colleagues, who showed galanin-induced apoptosis in SH-SY5Y neuroblastoma cells transfected with the GalR2 (20) . GalR2 signals through several different classes of G proteins that activate diverse intracellular pathways. The most frequently reported pathway involves activation of the G q/11 -type G protein resulting in hydrolysis of inositol phosphate, activation of PKC and PI3K (31) (32) (33) (34) . We investigated the intracellular signaling pathway mediated through PI3k/Akt. Activation of the PI3K/Akt pathway plays a role in cell survival and growth; e.g., by preventing proteosomal degradation of cyclin D and Myc, and down-regulating transcriptional and posttranslational levels of p21 cip1 and p27 kip1 . Both events lead to further promotion of cell proliferation (39) . PI3K/Akt has also been shown to suppress apoptotic cell death by phosphorylation of Bad (36), or by phosphorylation of caspase 9 (39), which impedes the formation of the apoptosome complex upstream of caspase 3 activation. In our experiments, galanin induced an increase in pAkt-levels in PC12 cells, whereas there was a decrease in pAkt-levels in galanin-exposed GalR2-transfected cells. The decrease in pAktwas followed by a decrease in pBad-levels, which was reversed by preincubation with the specific PI3K-inhibitor LY-294002. Preincubation with LY-294002 also decreased significantly activation of caspases in galanin-exposed GalR2 cells. These data suggest that GalR2-mediated signaling in our GFP-GalR2 transfected cells leads to inhibition of the PI3K/Akt pathway.
Activation of the G q/11 -type G protein can also result in release of Ca 2ϩ from intracellular stores and opening of Ca 2ϩ -dependent chloride channels (31) (32) (33) . Intracellular Ca 2ϩ overload can trigger either apoptotic or necrotic cell death (40) . In a previous study using the same cell lines, we have shown that activation of GalR2 leads to an increase in intracellular Ca 2ϩ concentration (27) . Increased intracellular Ca 2ϩ leading to activation of calcineurin can dephosphorylate Bad and enhance its heterodimerization with Bcl-X l , hence promoting apoptosis (41) . In addition, high levels of intracellular Ca 2ϩ can activate the Ca 2ϩ dependent proteases calpains. We have preliminary data showing the presence of the 150-kDa fragment of ␣-fodrin, a specific cleavage product of calpains (R.T., unpublished data). These data point to Ca 2ϩ as an additional player in apoptosis induced by galanin.
The Cip/Kip family (CDK interacting protein/kinase inhibitory protein), encompasses broad-range inhibitors of cyclindependent kinases (CDKs), containing three members, p21 cip1 , p27 kip1 , and p57 kip2 . In addition to the negative regulatory effects on cell cycle, p21 kip1 can bind and inhibit PCNA's DNA synthesis function without disrupting the DNA-repair ability of PCNA (42, 43) . Among the Cip/Kip family, p27 kip1 has been identified as a tumor suppressor (44) , but the involvement of the other two members of this family in the process of tumorgenesis is not clear yet. However, there is evidence showing that overexpression of p21 cip1 suppresses the growth of several types of cancer (45) (46) (47) . Furthermore, it has been demonstrated that p21 cip1 can form a complex with procaspase 3 and suppress its activation (47) , but can also be cleaved and inactivated by active caspase 3 (49) . Seemingly, the different levels of p21 cip1 give an indication about the propensity of a cell toward prevention of proliferation or progression of cell death. This was clearly reflected in our experimental models, where the different effects of galanin in control PC12 and in GalR2-transfected cells correlated with different expression levels of p21 cip1 . The data obtained from FACS analyses also confirmed that exposure to galanin arrests the cell cycle, mostly in G 1 , in PC12 cells, whereas it induces cell death in the GalR2-transfected cells, as shown by a significant cell population in sub-G 1 . The antiproliferate effects of GalR1 reported in oral squamous carcinoma (50, 51) suggest that the cell cycle arrest induced by galanin in nontransfected PC12 cells could be mediated via GalR1.
Another interesting finding with the p21 cip1 immunoblotting was the equal levels of p21 cip1 in galanin-exposed PC12 cells and in nonexposed GalR2-transfected cells. In our previous work, we demonstrated both ligand-dependent internalization of GalR2, but also constitutive ligand-independent endocytosis and recycling of this receptor (27) . These phenomena have also been reported for other GPCRs (52) (53) (54) . The significance of having constitutively internalized receptors in the absences of ligands is not clear, although it might play an important role for the maintenance of cellular homeostasis and/or in the onset of pathophysiological conditions; e.g., tumor cells escaping the actions of neuropeptides by having unresponsive receptors.
Our analyses of 13 pheochromocytomas revealed, as compared to control adrenals, very high expression levels of galanin, GalR1, and GalR2, with the exception of two patients where GalR2 levels were in the same range as in controls. Increased expression of galanin and/or its receptors has been reported in human pheochromocytoma (55) and neuroblastoma (56) . The coexpression of galanin and its receptors in tumors is suggestive of an autocrine/paracrine mechanism. However, as shown by Kofler's group, higher galanin concentrations in neuroblastoma are associated with less functional GalRs indicating a negative feedback regulation of galanin on its receptors (56) . A more recent study has reported that the most undifferentiated forms of neuroblastic tumors display high levels of galanin, GalR1 and GalR3. Conversely, in well differentiated tumor forms, GalR2 levels are highly increased, whereas the expression of galanin and its receptor 1 and 3 is reduced (57) . As in other tumors, pheochromocytomas may have different clinical course and prognosis depending also on the degree of cell differentiation (58, 59) . Unfortunately, we could not get access to the clinical records of the patients after surgery to correlate the expression levels of galanin and its receptors found in the respective tumor with the prognosis and clinical evolution.
Although galanin induces cell death in tumor cells, it is known that it can also exert trophic effects (60) . It has been reported that galanin and galanin-like peptide can modulate neurite outgrowth via protein kinase C activation of ERK (61) . It would therefore have been interesting also to study galanin-like peptide in this model. We have preliminary results showing protective effects of galanin against apoptotic cell death induced by the broad kinase inhibitor staurosporine in primary hippocampal neurons (R.T., unpublished data). These data are in agreement with previous results where galanin or GalR2 agonist AR-M1896 promotes survival of hippocampal neurons undergoing exicitotoxic injuries (62, 63) , by activation of GalR2 and hence Akt and ERK pathway (62) . Our present data, showing that galanin causes chromatin condensation, loss of membrane potential, release of cyt c into the cytosol, and activation of caspases only in GalR2 cells as a result of inhibition of PI3K/Akt pathway, enlighten the opposing roles of GalR2 in tumor and nontumor cells.
In conclusion, based on the high expression of GalR2 in most of the tumors we examined and in light of our in vitro results on the apoptotic pathways activated by galanin in GalR2-transfected cells, it is conceivable to propose GalR2 as a promising target for therapeutic intervention against pheochromocytoma.
Materials and Methods
Stable Tansfection and Experimental Treatments. The rat pheochromocytoma PC12 cells were obtained from the American Type Culture Collection. The construction of the GFP-tagged GalR2 and culture procedures has been described in detail (27) . Cell were exposed to 1-100 nM galanin (rat) or 100 nM AR M1896 (AstraZeneca) (64) for 8 -48h. The caspase inhibitor z-VAD-fmk (20 M) (Peptide Institute) and the PI3-kinase inhibitor LY-294002 (25 M) (Sigma)
